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Abstract 

The purpose of this report is to compare different methods using Global Navigation Satellite System 

Real Time Kinematic (GNSS RTK) to establish control points to be used for the establishing of a free 

total station (in the next step). The objectives are to evaluate quality measures for different methods 

for multiple occupations and the averaging method “180-seconds”. The quality measures used in the 

study is expanded uncertainty (U95; with 95% level of confidence) and maximum deviation from the 

true value (“risk”), i.e. the maximum horizontal distance from the mean.  

From the results in this study, it is clear that it is not only the number of occupations that matters, 

also the length of the observation periods is important in order to minimize the risk. Extending from 

one occupation to two (or more) in order to be ‘safe’ is to give a false sense of security.  

Janssen et al. (2012) stated that an observation window of 1-2 minutes reduces the effects of 

extreme outliers as much as possible in the shortest time frame. They also concluded that averaging 

for a longer period than 1-2 minutes does not appear to provide any significant further improvement. 

In our study, however, increasing the observation window from 1-2 to 3 minutes, are motivated by a 

decrease in risk (cf. Appendix 1). Further, 180 seconds seem like an eternity for RTK users in the field; 

consequently, they will use supporting legs for their antenna pole. Using a shorter averaging time 

(60-120 s), this is not always obvious for the user. Consequently, extending the observation window 

to 3 minutes is motivated by a decrease in risk and a decrease in centering error. Therefore, the 

recommendation is to use observation periods of at least 180 seconds (3 min) of data. This is 

according to the recommendations given in Edwards et al. (2010). 

There is a trade-off between the recommendation of using as many observations as possible, i.e. at 

least two occupations with at least 3 minutes length of every observation periods, and productivity. 

This task must be carefully balanced by the surveyor in a case-by-case evaluation.  

Regarding productivity, averaging over 180 seconds of data at only one occupation seems to be a 

proper balance for cadastral surveying. According to this study it is not significantly worse than the 

mean of the eleven different multiple occupations methods in this study. 

 

Key words: Cadastral surveying, control points, GNSS, RTK, averaging, double occupations. 
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1 Introduction 

1.1 Background and motivation 
The purpose of this report is to compare different recommendations using Global Navigation Satellite 

System Real Time Kinematic (GNSS RTK) to establish control points. In the next step, the control 

points could be used e.g. for  total station establishment; however, this part is not addressed in this 

report. The application in mind for this study is cadastral surveying; therefore, only the horizontal 

determination of the points is considered. In order to establish a free station, we need at least two  

control points. However, good survey practice is to use at least three. We can either use existing 

control points from horizontal control networks or we can establish new points. To establish a total 

station means determining its position and orientation in the given reference system.  

In Swedish municipalities, the horizontal control networks still exist; however, they are not always 

up-to-date, i.e. they have not been re-measured and re-computed since the 1990’s. Many control 

points are located in unstable soil (e.g. clay). Due to subsidence, heave, soil frost thawing etc., these 

points might have moved from their original positions. Consequently, the coordinates of the control 

points determined about 20-30 years ago are not valid for (the locations of) the control points today. 

Nevertheless, the coordinate values are still being used in the daily work in cadastral surveying, and 

are considered as correct for that purpose.  

Furthermore, the ways the control points have been measured and determined differ considerably. 

Some originates from traverse networks (’by the School Book’) while others are end points in open 

traverses, and, additionally, there are detail points stored in the control point database. 

Nevertheless, in many municipalities, these points and markers are used as having the same quality 

in applications as cadastral surveying. 

Instead of using existing control points, we can establish and determine new points wherever we 

need them. One way of doing this is to use GNSS. A majority of the municipalities in Sweden are 

using network RTK (NRTK) in their daily work. From the time of the breakthrough of the NRTK 

technique more than a decade ago up until today, the geodetic sector has been seeking relevant 

methods to rely on when using this technique. In Sweden, checklists and ‘short manuals’ (guidelines) 

have been developed. The recommended method is multiple occupations (double or triple). 

When we take a look at the guidelines from different organizations, we find a diversity of 

recommendations. The length of observation period differs from 5 seconds to about 3 minutes,  

and the number of occupations should be 2 or 3. However, the largest differences  are in the 

recommended time between epochs where the range is between 0 to 4 hours.  

There is very sparse information in the different guidelines/recommendations on why the specific 

values (length of observation period, number of occupations, time between epochs) are 

recommended prior to other values, i.e. why time separations of 10-15 minutes (SLMRA, 2015),  

20 minutes (TSA, 2015), 30 minutes (SoQ, 2016) or 4 hours (NGS, 2014) are recommended  

instead of other values.   

The reason for waiting about 30 minutes or more is to allow sufficient change in the satellite 

constellation. In a theoretical perspective, the results from the different occupations are less 

correlated if different satellite configurations are used for the different occupations. However, no 

results are presented (e.g. in coordinates or quality estimators) on the difference in waiting 10, 20, 

30 minutes or more. The authors of this report cannot find any comparative study between different 

recommendations, and this is the motivation for work carried out and described in this report. 
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The choices of values are also a matter of productivity. In general, the more data the better the 

quality and reliability in the result. However, the longer time you spend on the measuring procedure, 

or waiting between occupations, the less productive you are. Of course, if the recommended time 

between occupations is long enough you are able to perform other duties, e.g. filling out metadata. 

However, the lead time becomes longer if you cannot initiate and close the work at one occasion and 

one occupation.  

Therefore, in the view of “better” productivity, a less accurate but precise method to be used to 

establish control points is introduced. The method uses averaging of several measurements at only 

one occupation. But how long time should a surveyor spend on a mark to benefit from averaging 

without sacrificing productivity? From empirical data, the “optimal or best” amount of 

measurements for averaging is decided and compared to the different double/triple occupations 

methods.  

In the literature, one can find arguments like “the averaging technique can still produce a result 

significantly offset from the actual position” (Janssen et al., 2012). At the same time, due to 

improved multipath mitigation techniques, improved reliability of ambiguity resolution, and 

instruments automatically reinitializing and checking their ambiguities every few seconds one may 

argue that the need for multiple occupations has decreased during recent years. Has the technology 

development contributed in the way that averaging, for sufficient period of time, is comparative with 

each other? In this study, the differences between ten different double/triple occupations methods 

and one averaging method are analyzed and compared.  

 

1.2 Objectives 
The objective of this report is to evaluate quality measures for 

 the different methods for multiple (double/triple) occupations 

 the averaging method of “180 seconds” 

 

The quality measures that are analyzed are 

 the expanded uncertainty (95% level of confidence) 

 the maximum deviation from the true value, i.e. the maximum horizontal distance from 

the mean. 
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The quality measure expanded uncertainty is computed for the given methods. However, having low 

uncertainty is not the whole truth. When using GNSS RTK, we can receive a low uncertainty for a 

small number of observations (e.g. one occupation consisting of 10-15 observations for a short time 

interval) despite the fact they can be systematically off from the true position. In cadastral surveying, 

we are more concerned with the risk that the measured position is off the true position. Therefore, 

the quality measure “risk” as the maximum deviation from the true value is introduced, i.e. the 

maximum horizontal distance from the mean in each of the test data sets (cf. Table 3 and Table 4). 

This risk is also used to justify the specific choice of the number of observations to be used in 

averaging (see Section 2.2.1.2).  

 

Because all data series consist of more than 5000 observations, it is reasonable to consider the mean 

of each of the series as being close to the true position. Due to the long time series of each of the 

data series, it is reasonable to assume that the means are unaffected by outliers (and blunders).  

 
For a random variable vector l made up of n scalar observations, the standard uncertainty  
of one observation u(l) is defined as (Mikhail and Gracie, 1981) 
 

𝑢(𝑙) = √
1

𝑛−1
∑ (𝑙𝑖 − 𝑙)̅2𝑛

𝑖=1                                                                                                         Eq. 1 

 
where 
 

𝑙 ̅ =
1

𝑛
∑ 𝑙𝑖

𝑛
𝑖=1                                                                                                                                    Eq. 2 

 
From the field of statistics we know that the standard uncertainty as such is not generally  

a good quality measure. The reason is that expressions of the type 𝑙 ± 𝑢(𝑙) contain  

the “true” value with only 68% probability.  
 
Therefore, we usually multiply by a coverage factor k. In GUM (Guide to the Expression of 
Uncertainty in Measurements) (ISO, 2008) the fairly standard coverage factor of 2 is used,  
which gives a coverage probability (confidence level) of approximately 95%.  
 
The coverage factor k=2 multiplied by the standard uncertainty is termed  
expanded uncertainty U95 and is written as 

 
𝑈95(𝑙) = 𝑘 ∙ 𝑢(𝑙)                                                                                                      Eq. 3 
 
 

 

Risk = The maximum deviation from the true value, i.e. the maximum horizontal 
           distance from the mean. Because the mean is computed from at least  
           5000 observations (cf. Table 3) it is reasonable to consider the mean as the true value. 
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1.3 Scope and limitation 
The scope of this report to compare different recommendations using GNSS RTK to establish control 

points. The application in mind for this study is cadastral surveying; therefore, only the horizontal 

determination of the control points is considered.  

In this study, accuracy estimates for one control point are analyzed. In order to establish a free 

station, we need at least two control points; however, good survey practice is to use three or more. 

To establish a total station means determining its position and orientation in the given reference 

system.  

The scope of this report include ten different methods for multiple occupations and one method for 

averaging. The multiple occupations methods that are analyzed are limited to those which were 

found in literature and are given in Table 1. The averaging method, which is included in this study is 

limited to averaging over 180 seconds.  

This is an empirical study, meaning that the results are representative (only) for the used data. The 

authors do not claim the results as representative for any given situation at any place around the 

world; however, due to the large amount of data used, the results give an indication of what could be 

expected in similar situations. For the same reason, the results could be seen as representative for 

the differences between the methods tested. 

 

1.4 Review of literature and basic concepts 

1.4.1 Averaging 
In order to improve the robustness of the positioning result compared to using only one registration 

of a position, averaging can be used. This is achieved by computing the mean (average) of multiple 

observations (for the same point) and, consequently, increasing the precision and reliability of the 

resulting position (Mikhail and Gracie, 1981). An obvious  pre-requisite is that the antenna remains 

stationary during the observation time. When the averaging technique is used over a longer period  

of time, it significantly decreases the maximum deviation from the true value by reducing the effect 

of short-lived outlier observations. However, if the averaging period is too short, it can still produce 

results that are offset from the true position.  

Averaging, as used in this work, is a single occupation technique. The deviation from ‘double/triple 

occupations’ is the number of occupations and the number of observations for averaging. 

1.4.2 Multiple occupations 
If one looks at guidelines and best practices for control point determination in different countries, 

the prevailing method is multiple (double) occupations. Double occupations are well established and 

considered as the ‘best practice’ for many surveying applications (cf. Table 1).  

Using multiple occupations, the same point is occupied usually two (or three) times repeating the 

same measuring procedure at all instances. In order for the occupations to be independent, there 

should be enough time between the occupations in order for the GNSS satellite configuration to 

change (Hofmann-Wellenhof et al., 1994). 

The method can be used to detect blunders, e.g. observing on the wrong point, poor centering or a 

wrong instrument height. Double occupations are additionally useful in detecting the effects caused 

by incorrect ambiguity resolution or severe multipath conditions.  
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1.4.3 Previous works of others 
Janssen et al. (2012) studied averaging time and find that averaging should be done over a time 

window of 1 minute. They state that longer averaging times should only be applied when the user is 

located at longer distance from the nearest GNSS reference station. In these cases, a 2-minute 

observation window is recommended by the authors.  

Edwards et al. (2010) studied root mean square positional errors for different time separations 

between occupations. They concluded that using two sets of averaged windows of around 3 minutes 

with a time separation of 20 minutes yields 10-20% coordinate accuracy improvements compared 

with a single epoch solution. Furthermore, this could be further improved to up to 30% if the time 

separation is extended to 45 minutes. They observed no significant advantage beyond 45 minutes 

separation between occupations. According to Odolinski (2010) a time separation of 20-45 minutes 

(or preferably more) between occupations is recommended to reduce the time correlation effects. 

Janssen et al. (2012) claim that two occupations can be assumed sufficiently independent from each 

other if separated by 10-30 minutes.  

 

1.4.4 National guidelines and recommendations 
The Authors have searched the Internet for guidelines and recommendations. The list of given 

guidelines in Table 1 is not a total list of existing guidelines globally. However, since there are large 

differences in the given values for the different parameters (cf. Table 1, column 2 and 4) they are 

considered to be a sufficient basis for this study. For none of them, no related peer-review articles 

have been found neither in the reference list of the guidelines nor on the Internet. Therefore, the 

references given are to the guidelines themselves. 

In Sweden, according to the advisory guidelines for cadastral surveying, for every control point, one 

should compute the mean from two or three occupations. Each occupation should consist of the 

mean of 15 observations. However, there are two different Swedish guidelines: 

1. ‘Handbook of surveying and mapping issues’ (SLMRA, 2015): the mean of three occupations with 

20-30 seconds of observations each, using supporting legs. The time separation between the 

occupations should be 10-15 minutes.  

2.’Guideline for the cadastral surveyor’ (SLMRA, 2017): the mean of two occupations with 15 

observations each. There is no requirement for a time separation between the two occupations 

except the time for moving the antenna a couple of meters in order to re-initialize the GNSS receiver.  

If we take a look at guidelines and best practices for control point determination in other countries, 

there are differences both in the recommended time separation between the two occupations and 

the amount of data to be collected at each occupation (cf. Table 1). 

  



6 
 

Table 1 - Recommendations regarding network RTK measurements from different organizations (for an explanation of the 
abbreviations for the organizations, see Reference list). The purpose of this Table is not to give a full coverage of 
recommendations world-wide, but to list the ones considered for the work in this report. 

Organization 
(country) 

Length of 
observation 
period  

Number of  
occupations 

Time between 
occupations 

Tribrach 
or 
supporting 
legs 

ICSM (2014)  
(AUS) 

1 min Double 30 min Yes 

LINZ (2012) 
(NZ) 

collect slightly 
more data than 
the minimum 
required to 
ensure that 
survey accuracy 
can be proven 

Double > 20 min between the 
start of each session 

- 

LPI (2014) 
(AUS) 

minimum of 2 
min 

Double > 30 min Yes 

NGS (2014) 
(USA) 

1 min Double 4 hours Yes 

NRC (2013)  
(CAN) 

1 min Double 20 min - 

SGACT (2012)  
(AUS) 

3 min (one 
point)  
1 min (the rest) 

Double 30 min - 

SKV (2009) 
(N) 

5-60 sec Double 45 min if 2 epochs 
15 min if 3 epochs 

Yes 

SLMRA (2015) 
(SWE) 

20-30 sec Triple 10-15 min Yes 

SLMRA (2017) 
(SWE) 

15 sec Double 0 min - 

SoQ (2016) 
(AUS) 

at least 1 min Double 30 min Yes 

TSA (2015) 
(UK) 

about 3 min Double 20 min - 

 

The recommendation SKV (2009) consists of two different; one using two occupations and one using 

three occupations. In the following Sections of this study, they are referred to as SKV-2 and SKV-3, 

respectively (cf. Table 2). 

Table 2 - The recommendation SKV (2009) consists of two different; one using two occupations (referred to as SKV-2) and 
one using three occupations (referred to as SKV-3). 

Organization 
(country) 

Length of 
observation 
period  

Number of  
occupations 

Time between 
occupations 

Tribrach or 
supporting legs 

SKV (2009) 
(N) 

5-60 sec Double 45 min if 2 epochs 
15 min if 3 epochs 

Yes 

Referred to as     

SKV-2  5-60 sec Double 45 min Yes 

SKV-3  5-60 sec Triple 15 min Yes 
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In Table 1, there are 10 different methods since ICSM (2014) and SoQ (2016) recommends the same 

values of the different parameters. In this study, these 10 different methods are investigated 

together with a method using averaging for 180 seconds (only one occupation). Why the method 

using averaging for 180 seconds is included in the study is motivated in Section 1.1. 
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2 Methodology 
In order to make a fair comparison between the different methods, the same data are used for all 

methods. In each of the existing data series, observations are picked and put together as if they were 

observations in a double/triple occupation series or in a data series when averaging 180 seconds of 

data. These constructions of observations will be described in more detail below. 

In order to implement this, a software has been developed. 

 

2.1 Construction of observations for multiple occupations 

2.1.1 Construction of observation periods 
In order to demonstrate how the observations were constructed, SKV-2 is used as an example. 

According to this recommendation, the length of observation period is 5 seconds and the time 

between the two occupations is 45 min (cf. Table 1):  

 We picked 5 observations 1 second apart starting at observation no. 1 at t1  

(cf. Figure 1, line 2). The mean of these observations from occupation 1 was computed. 

 Then we moved 45 min ahead in the observation time series, and picked another  

5 observations 1 second apart (cf. Figure 1, the right end of line 2). The mean of these 

observations from occupation 2 was computed. 

 The difference between the two occupations was checked against the value of the tolerance 

(cf. Section 2.1.2) 

 If the tolerance was not exceeded, the mean (position) was computed for these 10 

observations. This mean is the first ‘observation’ for SKV-2 at time t2710 (cf. Figure 1, line 4).  

If the tolerance was exceeded, this set of observations (from the two occupations) was 

rejected and not taken into account. 

 After this, we computed the second ‘observation’ for the method of double occupations by 

starting at observation no. 2 at t2, and then we followed the same procedure as above  

(cf. Figure 1, line 3) and computed the mean (position) for these 10 observations. This mean 

is the second ‘observation’ for the method of double occupations at time t2711.  

In this way, it was possible to compute the observations (i.e. positions, at times t2710 to tn, where 

n=number of observations) for the SKV-2 method, which is used as an example here.  
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The number of possible ’epochs’ in each of the data series depends on the length of the observation 

period, the time separation between the occupations, the number of occupations, and the total 

length of the data series. For example, SKV-2 recommends a length of 5 seconds for each observation 

period, two occupations and 45 minutes between the occupations. For data series 2, we have (in 

seconds): 

𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛_𝑙𝑒𝑛𝑔𝑡ℎ𝑆𝐾𝑉(2009) = 5 + 45 × 60 + 5 = 2710   Eq. 4
  

The number of epochs within data series 2 is computed as 

𝑁𝑜. 𝑜𝑓 epochs = 𝑁𝑜. 𝑜𝑓 𝑜𝑏𝑠.𝑇𝑒𝑠𝑡 𝑑𝑎𝑡𝑎 𝑠𝑒𝑟𝑖𝑒𝑠 2− 𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑙𝑒𝑛𝑔𝑡ℎ𝑆𝐾𝑉(2009)
+ 1 = 

 

15070 − 2710 + 1 = 12361     Eq. 5 

 

2.1.2 Limits for acceptable deviations between occupations 
Testing the quality of GNSS measurements is often done by comparison of the coordinates from 

different occupations of the same point. A tolerance, i.e. limit for acceptable deviation, is a tool for 

Figure 1 - A flow chart explaining the computations for the method of double occupations. This example is for 

the recommendations described in SKV (2009)(cf. Table 1). 

Line 1: ‘Basic’ observations computed by the GNSS receiver every second in a time line from t1 to tn.  

Line 2: Data for observation no. 1 for the method of double occupations; first occupation starts at t1 and picks 

data at t1, t2, t3, t4 and t5 (5 observations 1 sec. apart). Second occupation starts at t2705 (5 secs + 45 min + 1 

sec=5+2700+1=2705) and picks data at t2705, t2706, t2707, t2708 and t2709 (5 observations 1 sec. apart). 

Line 3: Data for observation no. 2 for the method of double occupations; first occupation starts at t2 and picks 

data at t2, t3, t4, t5 and t6 (5 observations 1 sec. apart). Second occupation starts at t2706 (5 secs + 20 min +  

1 sec=5+2700+1=2706) and picks data at t2706, t2707, t2708, t2709 and t2710 (5 observations 1 sec. apart).  

Line 4: ‘Observations’ for the method of double occupations.   
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quality control. Here, we calculated the expected agreement between two occupations of a point 

and compared that to the actual agreement between the two occupations.   

If the same measuring procedure is used in all occupations and the same standard uncertainty could 

be assumed for all occupations, i.e. uoccupation 1 is equal to uoccupation 2, the tolerance T95 can be 

computed using the formula (SLMRA, 2015) 

𝑇95 = 2 ∙ √𝑢𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛 1
2 + 𝑢𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛 2

2 = { 𝑢𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛 1 = 𝑢𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛 2 = 𝑢(𝑑) } = 2 ∙ √2  ∙ 𝑢(𝑑) Eq. 6 

where u(d) is the standard uncertainty (in the horizontal plane).  

In this study, as the double/triple occupations methods are constructed from the same original data 

series (same equipment and technique used), the same standard uncertainty u(d) could be assumed 

for all occupations within each data series.  

The surveyor is not supposed to compute tolerances in the field; instead, the GNSS equipment 

should be pre-configurated based on expected standard uncertainty for the method in use.  

In the field, re-measuring of a session should be performed when a given tolerance is exceeded. The 

reason why the tolerance was exceeded should be investigated. In this study, however, no 

investigation is performed. If there is an observation which has exceeded the tolerance, it is rejected 

and not taken into account for further studies because there is still enough of data to be used for the 

comparison of the different methods. 

 

2.2 Construction of observations for averaging 

2.2.1 Finding the ‘optimal’ averaging period 
In the view of “better” productivity, as mentioned in Section 1.1, the method “averaging of several 

measurements at only one occupation” is introduced. But what is the optimal reasonable averaging 

period, given time constraints that exist in most surveying tasks?  

In the following Section, the “optimal” averaging period based on the quality measures expanded 

uncertainty and the risk (cf. Section 1.2) is determined. 

 

2.2.1.1 Expanded uncertainty 

The evaluation is started by computing the expanded uncertainty for the test data sets for averaging 

periods of 15, 60, 120, 180 and then every 60 seconds up to 600 seconds (cf. Figure 2 and Figure 3). 

For an explanation on how the data sets for the given averaging periods are constructed, see Section 

2.2.2. The expanded uncertainties are computed according to the definition in Section 1.2. 
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As can be seen in Figure 2 and Figure 3, there is only a small decrease in expanded uncertainties 

when increasing the averaging period. However, it is important to remember that the main reason 

for increasing the averaging period (i.e. increasing the number of observations) is not to achieve a 

lower uncertainty but to avoid blunders and mistakes, and to reduce the effect of outlier 

observations. 

 

 

Figure 2 - Expanded uncertainty of one observation for averaging up to 600 seconds of data for the data 
series 1-6 (see Section 3); 

Figure 3 - Expanded uncertainty for averaging up to 600 seconds of data for the data series A-C (see Section 3). 
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2.2.1.2 Risk 

In choosing the optimal averaging period for land surveying applications, we are interested in 

evaluating the risk in different averaging periods rather than uncertainty (as mentioned above). 

Therefore, the risk is introduced according to the definition in Section 1.2. This risk was computed for 

all data series, which can be seen in Figure 4 and Figure 5. All risk curves show the same trend: the 

risk decreases when the averaging period increases. 

If the risks from the data series from the ‘moderate’ and ‘difficult’ environments (cf. Figure 4) are 

studied, it can be seen that there is a diminishing trend of the curves until about 300 seconds, where 

it seems to decline. The mean of these six curves is 24 mm at 180 seconds.  

As can be seen in Table 6, for seven of the data series A-C there are only small improvements in 

averaging for a period longer than 60 seconds. However, for A3 and B3 there are large deviations 

from the true position if the averaging period is too short. According to Figure 5, one should 

therefore use an averaging period of at least 180 seconds. At the same time, collecting more data 

than 180 seconds does not seem to reduce the risk more than to a very small amount. 

 

 

 

Thus, we return to the question that was previously discussed: what is the optimal reasonable 

averaging period, given time constraints that exist in most surveying tasks?  

Based on the results above, at least 180 seconds (3 minutes) seems to be a good choice for the 

averaging period. In discussions with different surveyors actually working in the field, it is expressed 

that 3 minutes is a ‘reasonable’ time to collect data. Compared with double or triple occupations, 

where they must re-occupy the point, they prefer collecting data for 3 minutes at one occasion.  

 

Figure 4 - Risk for averaging over time spans 5-600 seconds for data series 1-6 (see Section 3) 
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Therefore we can conclude that 180 seconds seem to be a good choice for the averaging period.  

In the following Sections, ‘180 seconds’ stands for averaging 180 seconds of data. 

 

 

Figure 5 - Risk for averaging over time spans 5-600 seconds for data series A-C (see Section 3). 

 

2.2.2 Construction of observations 
When using averaging, the mean of multiple observations are computed. Data series 2 is used as an 

example (cf. Table 1):  

 We picked 180 measurements from the data series starting at observation no. 1  

at t1 (cf. Figure 6, line 2).  

 The mean (position) was computed for these 180 observations.  

 The observations were checked against the tolerance (cf. for instance Section 4.4). The 

tolerance was used as a tool for rejecting outlier positions. If any observation was rejected, a 

new mean was computed.  

 The mean is the first ‘observation’ for the 180 seconds method at time t180 (cf. Figure 6,  

line 4).  

 After this, we computed the second ‘observation’ for this method by starting at observation 

no. 2 at t2, and then we followed the same procedure as above (cf. Figure 6, line 3) and 

computed the mean (position) for these 180 observations. This mean is the second 

‘observation’ for the method at time t181.  
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In this way, it is possible to compute the observations (i.e. positions, at times t180 to tn, where 

n=number of observations) for the 180 seconds method from the observation time series of positions 

from the GNSS receiver. 

 

 

 

 

 

 

 

The number of possible ’observations’ in each of the data series depends on the length of the 

observation period (i.e. 180 seconds) and the total length of the data series. E.g. for data series 2  

(cf. Table 3), we have (in seconds): 

𝑁𝑜. 𝑜𝑓. 𝑒𝑝𝑜𝑐ℎ𝑠 = 𝑁𝑜. 𝑜𝑓 𝑜𝑏𝑠.𝑇𝑒𝑠𝑡 𝑑𝑎𝑡𝑎 𝑠𝑒𝑟𝑖𝑒𝑠 2− 180 = 15070 − 180 = 14890   Eq. 7 

 

  

Figure 6 - A flow chart explaining the construction of the method averaging of 180 seconds of measurements. 

Line 1: ‘Basic’ observations computed by the GNSS receiver every second in  time line from t1 to tn.  

Line 2: Data for observation no. 1 for the method of 180secs; 1. occupation starts at t1 and picks data  

             at t1, t2, t3, … t180. 

Line 3: Data for observation no. 2 for the method of 180 seconds; 1. occupation starts at t2 and picks data  

            at t2, t3, t4, … t181  

Line 4: ‘Observations’ for the method of 180 seconds. 
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3 Data 
For the investigations in this report, data collected in the field are used. The authors have collected 

data at six different points (cf. Table 3). Data collected by the Swedish Mapping and Land 

Registration Authority are also used (cf. Table 4) from (Olsson, 2014).  

 

Table 3 - Summary of the prerequisites for the test data collected by the Authors. 

Data series Date Location 
(municipality) 

No. of 
observations 

Receiver Comment 

1 2015-01-24 Stockholm – 
Bromma 

14499 Trimble R6 Tripod 

2 2015-01-25 Stockholm – 
Bromma 

15070 Trimble R6 Tripod 

3 2015-02-09 Stockholm – 
Bromma 

19950 Trimble R6 Tripod 

4 2015-02-09 Stockholm – 
Bromma 

5134 Trimble R6 Tripod 

5 2016-08-11 Lidingö 12718 Trimble R8 Supporting 
legs 

6 2016-08-11 Lidingö 14215 Trimble R8 Supporting 
legs 

 

The six test points 1-6 are located in ‘moderate’ and ‘difficult’ GNSS survey environment categories 

(TSA, 2015), which are the normal conditions for cadastral surveying in the municipalities of 

Stockholm and Lidingö (Sweden). The conditions at test point 1 can be seen in Figure 7. 

 

 

 

 

 

 

 

 

 

 

The three test points A-C are located in ‘easy’ GNSS survey environment categories (TSA, 2015). The 

conditions at test point A-C can be seen in Figure 8. 

 

 

Figure 7 - Left: Collecting data at test point 1; Right: Collecting data at test point 5. 
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Table 4 - Summary of the prerequisites for the test data collected by the Swedish Mapping and Land Registration Authority 
(Olsson, 2014). Data were collected at three different points (A, B and C) at three different times (time 1, time 2 and time 3). 

Data series Date Location 
 

No. of 
observations 

@ 1 Hz 

Receiver Comment 

A1 January 28 – 
February 2, 

2015 

Björkhagen 86355 Leica Viva,  
GS15 antenna 

Tripod 

A2 May 6-10, 
2015 

Björkhagen 80188 Leica Viva, 
GS15 antenna 

Tripod 

A3 May 6-10, 
2015 

Björkhagen 90079 Leica Viva, 
GS15 antenna 

Tripod 

B1 January 28 – 
February 2, 

2015 

Hårby 63552 Leica Viva, 
GS15 antenna 

Tripod 

B2 May 6-10, 
2015 

Hårby 46453 Leica Viva, 
GS15 antenna 

Tripod 
 

B3 May 6-10, 
2015 

Hårby 73156 Leica Viva, 
GS15 antenna 

Tripod 
 

C1 January 28 – 
February 2, 

2015 

Hällby 86151 Leica Viva, 
GS15 antenna 

Tripod 
 

C2 May 6-10, 
2015 

Hällby 46299 Leica Viva, 
GS15 antenna 

Tripod 
 

C3 May 6-10, 
2015 

Hällby 96312 Leica Viva, 
GS15 antenna 

Tripod 
 

 

All data was collected at 1 Hz (1 observation per second) using the SWEPOS GNSS support system  

for satellite positioning in Sweden (Lidberg et al., 2016). The total amount of observations is about  

750 000 seconds of data (>8,5 days). Co-ordinates were transformed to SWEREF 99 18 00, which is 

one of the local projections of the Swedish National Reference System SWEREF 99.  

 

Figure 8 - Test points C, B and A (from left to right)  (Olsson, 2014). 



17 
 

4 Results and Analysis 
This chapter will first cover an evaluation of the time separation between occupations with regard to 

the quality measures expanded uncertainty and risk. This will be followed by an investigation of the 

influence of the value of the tolerance between occupations on the quality measures. Then the 

values of the quality measures for the eleven methods will be analyzed. Finally, a comparison of the 

methods is made relative to the mean of all methods in terms of the quality measures.  

 

4.1 Time separation between occupations 
A temporal correlation exists in GNSS RTK data due to unmodeled errors (El-Rabbany and Kleusberg, 

2003). These types of errors occur when the magnitude of an error is similar over time. Therefore, 

the time separation between the two occupations (in double occupations) should be long enough to 

eliminate the time correlated errors.  

How long should a surveyor wait before re-observing in order to eliminate or at any rate reduce 

these errors to an acceptable level? Good practice should be a time longer than the correlation time 

for the time series. By choosing a time between the two occupations that is shorter than the 

correlation time, the quality indicators will presumably be over-estimated (El-Rabbany and 

Kleusberg, 2003).  

 

Figure 9 - Expanded uncertainties versus time between occupations for data series 1-6. Red dashed line represents  
the mean. 

In this empirical study, the behavior of quality estimators from real data are investigated. The 

expanded uncertainties are computed for different time spans between two occupations, every 5th 

minutes from 5 to 60 minutes. As can be seen from data series 1-6 (cf. Figure 9) there is a decrease in 

the uncertainties up to approximately 15 minutes of separation between epochs.  Regarding data 

series A-C, the uncertainties only show a very slight decrease of about 2 mm up to 60 minutes time 

separation (cf. Figure 10). 
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Figure 10 - Expanded uncertainties versus time between occupations for data series A-C. Red dashed line represents 
  the mean 

However, in the view of this study, we are more interested in the risk that the measured position is 

off from the true position than having a low uncertainty. Therefore, we investigate the behavior of 

real data by computing this risk for different time spans between the two occupations. 

 

 

 

 

Figure 11 - Risk versus time between occupations for data series 1-6. Red dashed line represents the mean. 



19 
 

For each of the fifteen observation series, the maximum deviations from the true position (the risk) 

for time spans between occupations every 5 minutes from 5 to 60 minutes are computed, which can 

be seen in Figure 11 and Figure 12. In this case, we have chosen 15 seconds of data at each of the 

two occupations (corresponds to SLMRA (2017) in Table 1). The red dashed lines in both Figures 

represent the means, respectively.  

 

 

 

In Figure 11, one can clearly see there is a decrease in the values the first 15-20 minutes and then it 

smoothens out, i.e. there seems to be no advantage of a longer time separation.  

In the data series A-C (cf. Figure 12) there is no such clear trend. The mean of the nine data series is 

between 19 mm and 17 mm (a weak decreasing trend from left to right). As can be seen in Figure 12, 

for two of the data series (A3 and B3) the risks are visually significantly higher than for the rest. In 

these data series, there are several (about 10) shorter periods with observations that deviates more 

from the true positions than normal, and as seen in the Figure, the double occupations method does 

not manage to overcome this. 

From our data, there is an advantage of a time separation between occupations of at least 20 

minutes.  At the same time, waiting much longer than 20 minutes to re-observe is unlikely to 

improve the positioning results any further.  

 

4.2 Deciding the limits for acceptable deviations between occupations  
In this study, a tolerance, i.e. limit for acceptable deviation, is used as a tool for rejecting outlier 

observations. If the given tolerance is exceeded by an observation, that observation is rejected and 

not taken into account when computing the accuracy measures. In general, the narrower the 

tolerance, the more observations are rejected. This means, the choice of the tolerance will also have 

an impact on the values of the accuracy measures.  

Figure 12 - Risk versus time between occupations for data series A-C. Red dashed line 

represent the mean.
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For the multiple occupations methods, the actual agreement between the different occupations are 

compared with the expected agreement by using the tolerance T95 (cf. Eq. 6). As can be seen from  

Eq. 6, the value of the tolerance T95 is dependent on the value of the standard uncertainty u(d).  

In the Swedish guidelines (SLMRA, 2015) the standard uncertainty u(d) is assumed to be 0,015 m for 

GNSS RTK, which results in the following tolerance (cf. Eq. 6) 

𝑇95 = 2 ∙ √2 ∙ 𝑢(𝑑)2 = 2 ∙ √2 ∙ 0,0152 = 0,042 (𝑚)    Eq. 8 

One may argue that the standard uncertainties (in general) are better than the assumed standard 

uncertainty of 0,015 m. Computing the tolerances from a smaller standard uncertainty result in lower 

values for the tolerances. Will these ‘smaller tolerances’ help us avoid bad data and give us better 

results?  

Looking at the data series collected for this study (Appendix 1), we can see that the expanded 

uncertainty for all data series is 0,0144 m. Consequently, the standard uncertainty is 0,007 m. 

Assuming the standard uncertainty to be 0,007 m results in the following tolerances (cf. Eq. 6) 

𝑇95 = 2 ∙ √2 ∙ 𝑢(𝑑)2 = 2 ∙ √2 ∙ 0,0072 = 0,020 (𝑚)                                 Eq. 9 

The quality measures expanded uncertainty and risk are computed using a tolerance T95 = 0,020 (m) 

and are listed in Appendix 4.  

As seen in Appendix 4 compared to Appendix 1, using a standard uncertainty of 0,007 m when 

computing tolerances, there are no significant improvements in the expanded uncertainty. In order 

to give a better overview, the differences in risks between using a tolerance T95 = 0,042 m compared 

to a tolerance T95 = 0,020 m are listed in Appendix 5. As can be seen in Appendix 5, for two of the 

data series (A3 and B3) there are significant differences; otherwise, there are no (significant) 

improvements in the risks. 

One drawback of narrowing the tolerance could be that the productivity will decrease. It will make it 

harder to succeed in having two (or more) accepted occupations. Of course, the value of the 

tolerance should reflect the requirements set to the survey.  

From above, decreasing the assumed standard uncertainty from 0,015 m to 0,007 m when 

computing tolerances there is no clear evidence it will give better results. Furthermore, more data 

from all different survey environment categories (TSA, 2015) should be involved before accepting  

a ‘new’ rule-of-thumb value for standard uncertainty.  

In the view of this study, the same tolerance should be applied for all methods in order to give a fair 

comparison. Furthermore, assuming a standard uncertainty of 0,015 m as the basis when computing 

tolerances seem reasonable (SLMRA, 2015). Therefore, the standard uncertainty u(d) is assumed to 

be 0,015 m when computing tolerances in the remainder of this study. 

 

4.3 Computed values for the quality measures 
In Appendix 1, computed values for the quality measures expanded uncertainty (U95) and risk are 

given for the 10 different multiple occupations methods given in Table 1 and for the method 180 

seconds for all the 15 data series.  

Quality measures for NGS (2014) cannot be computed for data series 1-6 because the time 

separation of the method is 4 hours and the data series 1-6 consist of only about 4 hours of data. 
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Therefore, the mean for this method (“Mean (all)”; cf. Appendix 1) consists only of data from the less 

demanding environments for data series A1-C3. For these data series the method is comparable with 

NRC (2013), ICSM (2014) and SoQ (2016) as the length of observation period is 1 minute for all these 

methods ((cf. “Mean A-C); Appendix 1). 

As have been stated in Section 4.4, only SLMRA (2017) is significantly worse than the other methods 

compared to the mean of all methods (at 95% level of confidence). When comparing the quality 

measures of the other methods against each other, only small differences in the quality measures are 

detected. From both Appendix 2 and Appendix 3, we can conclude that averaging for 180 seconds is 

not significantly worse than the other methods. 

The values for expanded uncertainties show differences at 2-4 mm (cf. Appendix 1 and Appendix 2). 

It is not surprising to see that also the methods using only some seconds of data (SKV-2 and SKV-3, 

SLMRA (2017), SLMRA (2015)) result in almost the same values for expanded uncertainties. The 

reason for this is that for a short period of time, GNSS data is precise (but not always accurate).  

Analyzing the quality measure risk (cf. Appendix 1 or Appendix 3), one can see there are larger 

differences in the values compared to values for expanded uncertainties. As stated before, SLMRA 

(2017) results in the highest (“worst”) values. The method SKV-2 is at the upper limit of the 

confidence interval for the 9 data series A1-C3 (mean 19 mm) and 180 seconds is at the upper limit 

for the 6 data series 1-6. Otherwise, there are very small differences between the risks for the other 

methods. 

In general, the more occupations observed the better the results, even if the observation times are 

relatively short for every occupation (cf. Appendix 1, Columns ‘SKV-3’ and ‘SLMRA (2015)’). These 

methods result in some of the best “means” (U95=8 mm, risk=14 mm). However, when there are 

periods with systematic offsets, you need longer observation times or smaller tolerance values 

between the occupations. The method TSA (2015), 3 minutes length of observation period and a time 

separation of 20 minutes has the overall best performance (smallest value “mean (all)”) among the 

given methods.  

As can be seen from the computed values ‘Mean all’, ‘Mean (1-6)’ and ‘Mean (A-C)’ (Appendix 1, last 

three rows), there are only small deviations between the different methods. Some reasons for this 

are the absence of longer periods with systematic offsets in the data in combination with the large 

amount of test data. However, there are two data series (A3 and B3) having several (about 10) 

shorter periods with observations that deviates more from the true positions (maximum deviations 

from mean are 139 mm and 129 mm in raw data, respectively). For these two data series, we see 

that the risk in using 180 seconds is significantly lower than for several of the double occupations 

methods. E.g. the risks for data series A3 are 25 mm (180 seconds), 48 mm (NGS, 2014), 43 mm (NRC, 

2013), 43 mm (ICSM (2014) and SoQ (2016)), 47 mm (SKV-2) and 62 mm (SLMRA (2017)). The risks 

for seven of the ten double occupation methods are higher than the risk for 180 seconds. This is 

despite the fact that the tolerance between epochs according to Eq. 6 has been used for the methods 

of multiple occupations. However, what seems to be the reason is that for these seven different 

multiple occupation methods at least one of the occupations consists of  

1 minute or less data.  

It is tempting to state that extending the length of observation period from 1 to 3 minutes for each of 

the occupations results in decreased values (cf. Appendix 1 and Columns NRC, LPI and TSA). 
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4.4 Comparison of the quality measures to the means of all methods 
In order to compare the eleven different methods (cf. Table 1), we would like to know if any of the 

methods is significantly better or worse than the others, i.e. compared to the mean of all methods. 

Tolerances, i.e. limits for acceptable deviations from the mean, is a tool for this investigation.  

We compute the tolerance as the expanded uncertainty U95 (95% level of confidence) of the mean of 

all methods for each of the data series. The expanded uncertainty is computed as 

𝑈95 = 𝑘 ∙ 𝑢68      Eq. 10 

where coverage factor k=2 and u68 is the standard uncertainty (cf. Section 1.2). Using tolerances we 

build confidence intervals around the mean specifying the upper and lower limits at ± 2 standard 

uncertainties u (cf. Figure 13).  

The investigated quality measures are ‘better’ the smaller the values; therefore, if any quality 

measure is greater than the upper limit of the confidence interval it can be considered as significantly 

worse than the other methods (compared to the mean). On the other hand, if any quality measure is 

smaller than the lower limit of the confidence interval, it can be considered as significantly better 

than the other methods (compared to the mean). In Figure 13 we can see there is one value that is 

greater than the upper limit of the confidence interval; meaning it is considered to be significantly 

worse than the others (if the blobs reflect any of the given quality measures). 

  

 

 

 

 

 

 

 

 

For both quality measures, i.e. expanded uncertainty and risk, we compute the mean, standard 

uncertainties u68 of the means, tolerances (U95) and the confidence intervals (95% level of 

confidence) for all of the data series (cf. Appendix 2 and 3). 

Analyzing the tolerances for the quality measure expanded uncertainty (cf. Appendix 2), we can see 

that SLMRA (2017) for 5 of the 15 data series exceeds the upper limits (grey areas in Appendix 2). 

This means, SLMRA (2017) is significantly worse than the mean of all methods in 5 of 15 cases. No 

other of the investigated methods exceeds the tolerances for any of the data series. 

If we take a look at the tolerances for the quality measure risk (cf. Appendix 3), we can see that 

SLMRA (2017) exceeds the upper limit for six of the data series and SKV-2 exceeds the upper limit for 

one of the data series (grey areas in Appendix 3). This means, SLMRA (2017) is significantly worse 

than the mean of all methods for 6 of the 15 data series and SKV-2 in one of 15 data series. None of 

the other methods exceed the tolerances for any of the data series.  

Figure 13 - “Blob plot” of a set of values lying in a normal distribution. The confidence interval is 
constructed as ±2 standard uncertainties from the mean. 
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Regarding SKV-2, this method uses only 5 seconds of data from each of the two occupations, in total 

10 seconds of data. Therefore, it is not surprising that the method exceeds the tolerance in some 

cases. However, this happens only for one of the data series (C2) out of 15. Therefore, it is difficult to 

draw any conclusion from this “outlier” for SKV-2. 

Analyzing the outfall of SLMRA (2017), consisting of 2 times 15 seconds of data only separated by  

1 minute, it is not surprising that this method is worse than the others. The short observation time 

(15 seconds) and the short time interval between the occupations (1 minute; or actually zero 

according to the recommendation) seem too short. Actually, with the short (or no) time between the 

occupations you could say that SLMRA (2017) is the same as averaging over 30 seconds.  

From above, it might be too strong to state that SLMRA (2017), in general, is significantly worse than 

the other methods. This is an empirical study; therefore, it does not represent all possible scenarios. 

However, in 6 out of 15 cases it is worse. It is worth to notice that this method is required for 

cadastral surveying, which is normally the most high-accuracy demanding application for a Swedish 

municipality.  

From both Appendix 2 and Appendix 3, we can conclude that averaging for 180 seconds is not 

significantly worse than the other methods. 

 

4.4.1 Further investigation of SLMRA (2017) by tolerances 
In Section 4.4, we have concluded that SLMRA (2017) is significantly worse than the mean of all 

methods for several of the data series. As stated in the beginning of Section 4.2, the choice of the 

tolerance will also have an impact on the values of the accuracy measures. Consequently, using 

another tolerance, would this help produce better results for SLMRA (2017)? 

According to Appendix 1, the standard uncertainty is 0,007 m for raw data for all data series in this 

study. Using a standard uncertainty of 0,007 m when computing the tolerance results in  

T95 = 0,020 (m) (cf. Eq. 6). The quality measures expanded uncertainty and risk are computed using a 

tolerance of 0,020 (m) and are listed in Appendix 4. The same quality measures for SLMRA (2017) can 

be seen in Table 5 and Table 6 together with confidence intervals around the mean for all methods.  

The values in the second Column in Table 5 are expanded uncertainties for SLMRA (2017) and the 

confidence intervals in the third Column are for all methods when using a tolerance based on a 

standard uncertainty u68 = 0,015 m.   

The values for expanded uncertainties U95 in the fourth Column in Table 4 are for SLMRA (2017) and 

the confidence intervals in the fifth Column are for all methods when using a standard uncertainty 

u68 = 0,007 m in the computation of the tolerance.  

Table 6 has the same structure; however, here the quality measure risk is presented instead of the 

expanded uncertainties. Quality measures expanded uncertainty and risk for all methods (i.e. not 

only SLMRA (2017)) when using a tolerance based on a standard uncertainty u68 = 0,007 (m) is given 

in Appendix 4. 

Note that there are differences between the two confidence intervals given in Table 5 (and Table 6). 

The reason for this is the different tolerance used (as explained) resulting in different values for the 

quality measures, which are the base for the computation of the confidence intervals. 
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Table 5 - Limits for acceptable deviations for quality measure expanded uncertainty U95 for SLMRA (2017).  The grey areas 
indicate when the tolerances are exceeded. Unit: millimetre. 

 SLMRA (2017)  SLMRA (2017) 

 Tolerance based on 
u68 = 0,015 m 

Tolerance based on 
u68 = 0,015 m 

Tolerance based on 
u68 = 0,007 m 

Tolerance based on 
u68 = 0,007 m 

Data series U95 Confidence interval 
(95%) 

U95 Confidence interval 
(95%) 

1 16 8.6 – 15.8 16 7.4 – 15.8 

2 13 5.8 – 13.4 13 5.8 – 13.4 

3 14 5.5 – 13.9 13 5.6 – 13.4 

4 13 5.2 – 14.6 13 5.2 – 14.6 

5 23 9.1 – 24.3 23 8.6 – 24.4 

6 24 10.3 – 25.1 24  9.7 – 24.9 

A1 9 5.3 – 9.3 9 5.3 – 9.3 

A2 8 4.9 – 8.2 8 4.9 – 8.2 

A3 12 7.6 – 12.2 12 7.6 – 12.2 

B1 9 5.0 – 8.8 9 5.2 – 8.8 

B2 9 5.5 – 9.2 9 5.8 – 9.1 

B3 12 6.7 – 11.8 12 6.7 – 11.8 

C1 5 3.3 – 5.2 5 2.9 – 6.5 

C2 6 4.1 – 5.9 6 4.1 – 5.9 

C3 6 4.0 – 6.4 6 4.0 – 6.4 

 

As can be seen, SLMRA (2017) still exceeds the limits for acceptable deviations in four cases for the 

quality measure U95 (cf. Table 5) and six cases for the quality measure risk (cf. Table 6). Consequently, 

using a different (smaller) tolerance does not change the behavior of SLMRA (2017). It is still 

significantly worse than the mean of all methods in several cases. 
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Table 6 - Limits for acceptable deviations for quality measure risk for SLMRA (2017). The grey areas indicate when the 
tolerances are exceeded. Unit: millimetre. 

 SLMRA (2017)  SLMRA (2017) 

 Tolerance based on 
u68 = 0,015 m 

Tolerance based on 
u68 = 0,015 m 

Tolerance based on 
u68 = 0,007 m 

Tolerance based on 
u68 = 0,007 m 

Data series Risk Confidence interval 
(95%) 

Risk Data series 

1 33 8.4 - 32.0 33 7.6 - 33.0 

2 27 5.5 – 27.5 27 4.9 – 27.7 

3 28 6.1 – 27.9 28 5.9 – 27.9 

4 19 3.6 – 19.6 19 3.6 – 19.8 

5 24 10.5 – 24.7 23 10.8 – 24.2 

6 29 11.6 – 28.2 29 11.8 – 28.2 

A1 20 9.9 – 19.7 20 9.7 – 19.8 

A2 14 7.8 – 14.1 14 7.8 – 14.1 

A3 34 13.1 – 42.2 51 10.9 – 29.4 

B1 17 5.2 – 16.5 17 5.8 – 16.4 

B2 17 6.8 – 16.3 17 7.3 – 16.1 

B3 26 9.5 – 30.0 39 11.3 – 25.2 

C1 8 4.0 – 9.1 8 4.2 – 9.5 

C2 11 2.9 – 13.8 11 2.9 – 13.8 

C3 11 4.0 – 12.1 11 3.9– 12.3 
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5 Discussion of the results and conclusions 
The objectives of this report is to evaluate quality measures for different methods for multiple 

occupations and the averaging method “180-seconds” using GNSS RTK. In Appendix 1, computed 

values for the quality measures expanded uncertainty and risk (cf. definitions in Section 1.2) are 

given for the 10 different multiple occupations methods given in Table 1 and for the method 180 

seconds for 15 different data series.  

Tolerances, i.e. the limits for acceptable deviations between different occupations, and their 

influence on the given quality measures have been investigated. Decreasing the assumed standard 

uncertainty from 0,015 m to 0,007 m have influence on the quality measures for two of the data 

series (A3 and B3); however, for most of the data series there are no significant improvements. This 

indicates that the results in this report do not reflect the influence of bad data, but the differences in 

the investigated methods. 

As has been stated in Section 4.4, SLMRA (2017) is significantly worse than the other methods 

compared to the mean of all methods (at 95% level of confidence). When comparing the quality 

measures of the other methods against each other, only small differences in the quality measures are 

detected. From both Appendix 2 and Appendix 3, we can conclude that averaging for 180 seconds is 

not significantly worse than the other methods. 

The values for expanded uncertainties show differences in most of the cases of only 2-4 mm  

(cf. Appendix 1 and Appendix 2). It is not surprising to see that also the methods using only some 

seconds of data (SKV-2 and SKV-3, SLMRA (2017), SLMRA (2015)) result in almost the same values for 

expanded uncertainties. The reason for this is that for a short period of time GNSS data is precise 

(but not always accurate).  

However, analyzing the quality measure risk (cf. Appendix 1 or Appendix 3), i.e. maximum deviation 

from the true value, one can see there are larger differences in the values compared to values for 

expanded uncertainties. As stated before, SLMRA (2017) results in the highest (“worst”) values. The 

method SKV-2 is at the upper limit of the confidence interval for 3-5 data series and 180 seconds is at 

the upper limit for the 3-5 data series. Otherwise, there are very small differences between the risks 

for the other methods. 

In general, the more occupations the better the results, even if the observation times are relatively 

short for every occupation (cf. Appendix 1, Columns ‘SKV-3’ and ‘SLMRA (2015)’). It is better with 

only 5 seconds of data at three occupations (SKV-3), in total 15 seconds of data, compared to 15 

seconds of data at two occupations (SLMRA, 2017), in total 30 seconds of data. 

These methods result in some of the best “means” (U95=8 mm, risk=14 mm). The reason for the 

improvement provided by more occupations is that the separation period is driving down the 

influence of short term biases. However, when there are periods with systematic offsets, you need 

longer observation times. The method TSA (2015), 3 minutes length of observation period and a time 

separation of 20 minutes has the overall best performance (smallest value “mean (all)”) among the 

methods tested.  

As can be seen from the computed values ‘Mean all’, ‘Mean (1-6)’ and ‘Mean (A-C)’ (Appendix 1, last 

three rows), there are only small deviations between the different methods. However, there are two 

data series (A3 and B3) having several (about 10) shorter periods with observations that deviates 

more from the true positions (maximum deviations from mean are 139 mm and 129 mm in raw data, 

respectively). For these two data series, we see that the risk in using 180 seconds is significantly 

lower than for several of the double occupations methods. The risks for eight of the ten double 
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occupation methods are higher than the risk for 180 seconds in data series A3 and three for data 

series B3. However, what seems to be the reason is that for these eight different multiple occupation 

methods at least one of the occupations consists of 1 minute or less data. From this it is clear that it 

is not only the number of occupations that matters, also the length of the observation periods is 

important in order to minimize the risk. Extending from one occupation to two (or more) in order to 

be ‘safe’ is to give a false sense of security.  

Janssen et al. (2012) stated that an observation window of 1-2 minutes reduces the effects of 

extreme outliers as much as possible in the shortest time frame. They also concluded that averaging 

for a longer period than 1-2 minutes does not appear to provide any significant further improvement. 

In our study, however, increasing the observation window from 1-2 to 3 minutes, are motivated by a 

decrease in risk (cf. Appendix 1 and Columns NRC, LPI and TSA). Further, 180 seconds seem like an 

eternity for RTK users in the field; consequently, they will use supporting legs for their antenna pole. 

Using a shorter averaging time (60-120 s), this is not always obvious for the user. Consequently, 

extending the observation window to 3 minutes is motivated by a decrease in risk and a decrease in 

centering error.  

 

5.1 Recommendations 
From the results in this study, it is clear that it is not only the number of occupations that matters, 

also the length of the observation periods is important in order to minimize the risk. Extending from 

one occupation to two (or more) in order to be ‘safe’ is to give a false sense of security. 

The recommendation is to use observation periods of at least 180 seconds (3 min) of data. This is also 

in compliance with the recommendations given in Edwards et al. (2010).  

There is a trade-off between the recommendation of using as many observations as possible, i.e. at 

least two occupations with at least 3 minutes length of every observation periods, and productivity. 

This task must be carefully balanced by the surveyor in a case-by-case evaluation. 

Regarding productivity, averaging over 180 seconds of data at only one occupation seems to be a 

proper balance for cadastral surveying. According to this study it is not significantly worse than the 

mean of the ten different multiple occupations methods in this study. 

What is the risk in using 180 seconds of observations when determining control points to be used for 

the establishment of a free station? Suppose there are long term variations or local effects in the 

observations resulting in a point with high uncertainty. In the next step, when establishing the free 

station from at least three control points, this is most likely detected. The risk, in this case, is that we 

need to measure another point for 180 seconds and then re-establish the free station. The likelihood 

that more than one of the control points are affected is low.  
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Appendix 1. Expanded uncertainties and risks for raw data, the 10 different multiple occupations 

methods and 180 seconds for the 15 different data series. 
 

Expanded uncertainty and risk are defined according to Section 1.2. Tolerance according to Eq. 6, based on standard uncertainty u68=0.015 m. 

Unit: millimetre. 

   NGS (2014) NRC (2013) ICSM 
(2014) & 
SoQ (2016) 

LPI (2014) TSA (2015) SGACT 
(2012) 

SKV-2 SKV-3 SLMRA 
(2017) 

SLMRA 
(2015) 

 Raw data 180 
seconds 

1min; 4h 1min; 
20min 

1min; 
30min 

2min; 
30min 

3min; 
20min 

3min-
1min; 
30min 

2 epochs; 
5sec; 
45min 

3 epochs; 
5sec; 
15min 

2 epochs; 
15sec;1min 

3 epochs; 
20sec;10min 

 U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk 

1 19     47 15    29    -     - 12   16 12   20 11   17 11   17 11   17 12   19 11   16 16   33 11   18 

2 15     33 12    24    -     -   8   15 10   16 10   14   8   14 10   14 10   20   8   11 13   27   7   10 

3 17     42 13    26    -     -   9   14   9   15   9   13   8   12   9   16 10   16   8   14 14   28   8   16 

4 15     26 13    18    -     -   9     9 11   13 11   11   9     9 11   11   9   10   6     9 13   19   7     7 

5 24     29 22    22    -     - 15   19 18   18 17   16 15   17 17   16 17   18 11   12 23   24 12   14 

6 26     37 24    26    -     - 16   18 18   18 17   18 16   17 17   17 18   18 13   18 24   29 14   20 

A1 11     30   9    18  7   14   7   16   7   15   7   15   6   12   7   14    8   14   6   12   9   20   7   13 

A2 10     20   8    13  6   10   7   11   6   11   6     9   6   10   6     9   7   12   6   10   8   14   6   11 

A3 17     139 12    23  9   41 10   26   9   25   9   21   9   15   9   26 10   36 10   28 12   34 10   29 

B1 11     25   8   14  6     9   7     9   7   10   6     9   6     7   6   10   7   13   7   11   9   17   7   10 

B2 12     24   9   13  7   10   7   11   6   11   7   10   7     9   7     9   8   14   7   12   9   17   7   11 

B3 16     129 11   22  9   15   9   18   9   20   8   13   8   12   8   20 10   24   9   28 12   26   9   19 

C1   7     25   5    6  4     5   4     6   4     6   4     5   4     6   4     6   5     9   4     8   5     8   4     7 

C2   8     30   5    8  4     6   5     7   5     8   5     6   5     6   5     7   5   15   5   10   6   11   5     8 

C3   8     26   6    9  4     6   5     8   5     7   5     6   5     7   5     6   6   12   5     9    6   11   5     8 

Mean (all) 14     44 11  18   6  13   9   14   9   14   9    12   8   11   9    13   9   17   8   14 12     21   8     13 

Mean (1-6) 19     36 17   24   -        -  12   15  13   17  13   15 11   14 13    15 13   17 10   13 17     27 10     14 

Mean (A-C) 11     50   8   14   6   13   7   12   6   13   6    10   6     9   6    12   7   17   7   14   9     18   7     13 

 

 



 

Appendix 2. Quality measure expanded uncertainty and statistics.  
 

Tolerance according to Eq. 6, based on standard uncertainty u68=0.015 m. Unit: millimetre 

  NGS 
(2014) 

NRC 
(2013) 

ICSM 
(2014) 
& SoQ 
(2016) 

LPI 
(2014) 

TSA 
(2015) 

SGACT 
(2012) 

SKV-2 SKV-3 SLMRA 
(2017) 

SLMRA 
(2015) 

 180 
seconds 

1min; 
4h 

1min; 
20min 

1min; 
30min 

2min; 
30min 

3min; 
20min 

3min-
1min; 
30min 

2 
epochs; 
5sec; 
45min 

3 
epochs; 
5sec; 
15min 

2 epochs; 
15sec;1min 

3 epochs; 
20sec;10min 

 U95 U95 U95 U95 U95 U95 U95 U95 U95 U95 U95 mean u68(mean) U95(mean) Confidence 
interval 
(95%) 

1 15 - 12 12 11 11 11 12 11 16 11 12,2 1,8 3,6 8.6 – 15.8 

2 12 - 8 10 10 8 10 10 8 13 7 9,6 1,9 3,8 5.8 – 13.4 

3 13 - 9 9 9 8 9 10 8 14 8 9,7 2,1 4,2 5.5 – 13.9 

4 13 - 9 11 11 9 11 9 6 13 7 9,9 2,3 4,7 5.2 – 14.6 

5 22 - 15 18 17 15 17 17 11 23 12 16,7 3,8 7,6 9.1 – 24.3 

6 24 - 16 18 17 16 17 18 13 24 14 17,7 3,7 7,4 10.3 – 25.1 

A1 9 7 7 7 7 6 7 8 6 9 7 7,3 1,0 2,0 5.3 – 9.3 

A2 8 6 7 6 6 6 6 7 6 8 6 6,5 0,8 1,6 4.9 – 8.2 

A3 12 9 10 9 9 9 9 10 10 12 10 9,9 1,1 2,3 7.6 – 12.2 

B1 8 6 7 7 6 6 6 7 7 9 7 6,9 0,9 1,9 5.0 – 8.8 

B2 9 7 7 6 7 7 7 8 7 9 7 7,4 0,9 1,8 5.5 – 9.2 

B3 11 9 9 9 8 8 8 10 9 12 9 9,3 1,3 2,5 6.7 – 11.8 

C1 5 4 4 4 4 4 4 5 4 5 4 4,3 0,5 0,9 3.3 – 5.2 

C2 5 4 5 5 5 5 5 5 5 6 5 5,0 0,4 0,9 4.1 – 5.9 

C3 6 4 5 5 5 5 5 6 5 6 5 5,2 0,6 1,2 4.0 – 6.4 



 

Appendix 3. Quality measure risk and statistics.  
 

Tolerance according to Eq. 6, based on standard uncertainty u68=0.015 m. Unit: millimetre. 

  NGS 
(2014) 

NRC 
(2013) 

ICSM 
(2014) 
& SoQ 
(2016) 

LPI 
(2014) 

TSA 
(2015) 

SGACT 
(2012) 

SKV-2 SKV-3 SLMRA 
(2017) 

SLMRA 
(2015) 

 180 
seconds 

1min; 
4h 

1min; 
20min 

1min; 
30min 

2min; 
30min 

3min; 
20min 

3min-
1min; 
30min 

2 
epochs; 
5sec; 
45min 

3 
epochs; 
5sec; 
15min 

2 epochs; 
15sec;1min 

3 epochs; 
20sec;10min 

 risk risk risk risk risk risk risk risk risk risk risk mean u68(mean) U95(mean) Confidence 
interval 
(95%) 

1 29 - 16 20 17 17 17 19 16 33 18 20,2 5,9 11,8 8.4 - 32.0 

2 24 - 15 16 14 14 14 20 11 27 10 16,5 5,5 11,0 5.5 – 27.5 

3 26 - 14 15 13 12 16 16 14 28 16 17,0 5,5 10,9 6.1 – 27.9 

4 18 - 9 13 11 9 11 10 9 19 7 11,6 4,0 8,0 3.6 – 19.6 

5 22 - 19 18 16 17 16 18 12 24 14 17,6 3,5 7,1 10.5 – 24.7 

6 26 - 18 18 18 17 17 18 18 29 20 19,9 4,1 8,3 11.6 – 28.2 

A1 18 14 16 15 15 12 14 14 12 20 13 14,8 2,4 4,9 9.9 – 19.7 

A2 13 10 11 11 9 10 9 12 10 14 11 10,9 1,6 3,2 7.8 – 14.1 

A3 23 41 26 25 21 15 26 36 28 34 29 27,6 7,3 14,5 13.1 – 42.2 

B1 14 9 9 10 9 7 10 13 11 17 10 10,8 2,8 5,6 5.2 – 16.5 

B2 13 10 11 11 10 9 9 14 12 17 11 11,5 2,4 4,8 6.8 – 16.3 

B3 22 15 18 20 13 12 20 24 28 26 19 19,7 5,1 10,2 9.5 – 30.0 

C1 6 5 6 6 5 6 6 9 8 8 7 6,5 1,3 2,6 4.0 – 9.1 

C2 8 6 7 8 6 6 7 15 10 11 8 8,4 2,7 5,5 2.9 – 13.8 

C3 9 6 8 7 6 7 6 12 9 11 8 8,1 2,0 4,0 4.0 – 12.1 

 

  



 

Appendix 4. Expanded uncertainties and risks for raw data, the 10 different multiple occupations 

methods and 180 seconds for the 15 different data series. 
 

Expanded uncertainty and risk are defined according to Section 1.2. Tolerance according to Eq. 6, based on standard uncertainty u68=0.007 m.  

Unit: millimetre. 

   NGS (2014) NRC (2013) ICSM 
(2014) & 
SoQ (2016) 

LPI (2014) TSA (2015) SGACT 
(2012) 

SKV-2 SKV-3 SLMRA 
(2017) 

SLMRA 
(2015) 

 Raw data 180 
seconds 

1min; 4h 1min; 
20min 

1min; 
30min 

2min; 
30min 

3min; 
20min 

3min-
1min; 
30min 

2 epochs; 
5sec; 
45min 

3 epochs; 
5sec; 
15min 

2 epochs; 
15sec;1min 

3 epochs; 
20sec;10min 

 U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk U95     risk 

1 19     47 15    31    -     - 11   16 11   20 10   17 10   16 11   17 11   19 10   16 16   33 11   18 

2 15     33 12    24    -     -   8   15 10   16 10   14   8   13 10   14 10   20   8   11 13   27   7     9 

3 17     42 13    26    -     -   9   14   9   15   8   13   8   12   9   16 10   16   8   14 13   28   8   15 

4 15     26 13    18    -     -   9     9 11   12 11   11   9     9 11   11   9   10   6     9 13   20   7     8 

5 24     29 22    22    -     - 15   19 17   18 17   16 15   17 17   16 17   18 10   12 23   23 12   14 

6 26     37 24    26    -     - 15   18 17   18 17   18 15   17 17   17 17   19 13   18 24   29 14   20 

A1 11     30   9    18  7   14   7   16   7   15   7   15   6   12   7   14    8   14   6   12   9   20   7   12 

A2 10     20   8    13  6   10   7   11   6   11   6     9   6   10   6     9   7   12   6   10   8   14   6   11 

A3 17     139 12    27  9   21 10   18   9   17   9   17   9   15   9   17 10   28 10   18 12   26 10   18 

B1 11     25   8   14  7     9   7     9   7   10   6   10   6     8   6   10   7   13   7   12   9   17   7   10 

B2 12     24   9   13  7   10   7   11   7   11   7   10   7   10   7   10    8   14   7   12   9   17   7   11 

B3 16     129 11   22  9   15   9   17   9   19   8   17   8   11   8   17 10   19   9   22 12   23   9   19 

C1   7     25   5    6  7     5   5     7   5     8   4     5   4     6   4     6   5     9   4     8   5     8   4     7 

C2   8     30   5    8  4     6   5     7   5     8   5     6   5     6   5     7   5   15   5   10   6   11   5     8 

C3   8     26   6    9  4     6   5     8   5     7   5     6   5     6   5     6   6   12   5     9    6   11   5     9 

Mean (all) 14     44 11  18  7  11   9   13   9   14   9    12   8   11   9    13   9   16   8   13 12     20   8     13 

Mean (1-6) 19     36 17   25   -    -  11  15  13   17  12   15 11   14 13    15 12   17   9   13 17     27 10     14 

Mean (A-C) 11     50   8   14  7   11   7   12    7   12   6    11   6     9   6    11   7   15   7   13   8     16   7     12 

 

  



 

Appendix 5. Differences in risks based on different tolerances (Appendix 1 (risk) – Appendix 4 (risk)) 
 

Risk is defined according to Section 1.2 (unit: millimetre). Tolerance according to Eq. 6.  

Appendix 1: based on standard uncertainty u68=0.015 m. 

Appendix 4: based on standard uncertainty u68=0.007 m. 

 NGS (2014) NRC (2013) ICSM (2014) 
& SoQ (2016) 

LPI (2014) TSA (2015) SGACT (2012) SKV-2 SKV-3 SLMRA 
(2017) 

SLMRA 
(2015) 

 1min; 4h 1min; 20min 1min; 30min 2min; 30min 3min; 20min 3min-1min; 
30min 

2 epochs; 
5sec; 45min 

3 epochs; 
5sec; 15min 

2 epochs; 
15sec;1min 

3 epochs; 
20sec;10min 

 difference difference difference difference difference difference difference difference difference difference 

1 - 0 0 0 -1 0 0 0 0 0 

2 - 0 0 0 -1 0 0 0 0 -1 

3 - 0 0 0 0 0 0 0 0 -1 

4 - 0 -1 0 0 0 0 0 1 1 

5 - 0 0 0 0 0 0 0 -1 0 

6 - 0 0 0 0 0 1 0 0 0 

A1 0 0 0 0 0 0 0 0 0 -1 

A2 0 0 0 0 0 0 0 0 0 0 

A3 -20 -8 -8 -4 0 -9 -8 -10 -8 -11 

B1 0 0 0 1 1 0 0 1 0 0 

B2 0 0 0 0 1 1 0 0 0 0 

B3 0 -1 -1 4 -1 -3 -5 -6 -3 0 

C1 0 1 2 0 0 0 0 0 0 0 

C2 0 0 0 0 0 0 0 0 0 0 

C3 0 0 0 0 -1 0 0 0 0 1 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


